Fixation-free rehalogenating bleaching is an interesting process for the production of phase holograms. The shrinkage of the emulsion is reduced in comparison with other bleaching methods (reversal bleaching or rehalogenating bleaching with fixation). In this paper we present experimental results for fixation-free rehalogenating bleached holograms derived from the novel BB-640, a red-sensitive ultra-fine grain emulsion from Holographic Recording Technologies. The influence of the Potassium bromide concentration in the bleach solution on the final quality of the holograms is also studied. The concentrations of the different components of the bleach solution are adjusted to obtain the highest values of the diffraction efficiency. We studied transmission and reflection fixation-free bleached holograms. We will show that really high diffraction efficiencies can be obtained, as high as 87% for transmission bleached holograms recorded on BB-640 plates, and 72% for reflection bleached holograms.
INTRODUCTION
Silver-halide emulsions are one of the most widely used recording materials. Bleaching have proven to be an interesting technique to obtain phase holograms with high diffraction efficiencies from silver halide emulsions. The first advances in bleaching techniques were made by Cathey1 for laser-recorded holograms. After his work several bleaching processes were studied, like ferricianyde and cupper bleaches, introduced by Upatnieks2, or the Kodak R-1O bleach, which was improved by McMahon and Franklin3. An important contribution to the bleaching technique was made by Phillips and Porter4 by using ferric nitrate in the bleach bath. They also introduced the Para-Benzoquinone (PBQ) bleach, achieving high quality holograms5. The main problem linked with working with this bleach is that it is hazardous, this demanding that strict precautions are taken.
In the conventional techniques of bleaching, also called rehalogenating bleaches, the unexposed silver-halide grains are removed from the emulsion in a fixing bath6. The rehalogenating bleach contains in addition to an oxidizing agent, an alkali halide, usually potassium bromide, which converts the developed silver back into a silver halide. Thus, in the bleach bath a refractive index modulation is created between the exposed and the unexposed zones. Because this technique is associated with removal of material, the emulsion shrinks after the procedure, so that the geometry of the fringes created in the hologram is altered. This is critical in reflection holograms. This problem can be solved by using rehalogenating techniques, but removing the fixation step from the procedure. The fixation-free method was discovered by Hariharan7, and was subsequently improved by Crespo et a18 and Kostuk9. Kostuk obtained high values of diffraction efficiency, 65%, for reflection holograms recorded on Agfa 8E75 HD emulsion. The plates were developed with a variant of CW-C 1 mixture, and bleached with a modified version of the R-1O bleach. In order to optimize the bleach bath he varied the concentrations of the potassium dichromate (KD), the potassium bromide (KBr) and the sulfuric acid (SA). For Agfa 8E75 HD, Kostuk indicated that the concentration of KBr should be high to maximize efficiency, the concentrations of KD should be low to * minimize noise gratings and reduce emulsion swelling and the concentration of SA should also be minimized in order to reduce emulsion shrinkage.
Hariharan and Chidley'° studied the fixation-free method and showed that the diffusion of material during the bleach bath is the main mechanism under the process. During the bleach bath there is a transference of material from the exposed to the unexposed zones and as a result the silver-halide grains in the non-exposed zones increase their grain size. The refractive index modulation is a consequence of the differences in the grain size of the silver halide grains in the exposed and nonexposed zones. This diffusion process is particularly influenced by the potassium bromide concentration in the bleach solution. The concentration of the potassium bromide must be optimized in order to obtain high values of diffraction efficiency and low values of scattering. Hariharan also studied the influence of the development step in the quality of the hologram'1. They showed that the concentration of sodium sulfite influences the quality of the final hologram, this is due to the solvent action of the sodium sulfite. They also show that the action of hardener developers contribute in an opposite direction ofthe index modulation created by the diffusion process, thus lowering the final achieved diffraction effciency.
The above mentioned experiments were carried on Agfa 8E75 HD plates. Nevertheless Agfa has ceased production of holographic material. This represents a serious drawback for people who have been using the Agfa material in their work'2. This implies that it is necessary to discover and to study altemative silver-halide materials which could fill the gap created by the withdrawal of the Agfa material, in particular, the currently available silver halide materials such as those of Slavich (Russia), Royal Holographic Art Gallery (Great Britain) and the BB series from Holographic Recording Technologies (Germany).Trials must be carried out with these new silver halide emulsions to find optimum procedures leading to high quality holograms. In this work we adjusted the potassium bromide concentration of an R-1O type bleach in order to obtain high diffraction efficiencies with bleached holograms recorded on the novel BB-640 plates. Also for transmission holograms, the influence ofthe development step is evaluated.
EXPERIMENTAL
The experiments were carried out on red sensitive BB-640 silver halide photographic plates. Unslanted holographic transmission gratings were recorded by using two collimated beams from a 15 mW He-Ne laser (633 nm), with the polarization vector perpendicular to the plane of incidence. The two beams, of equal intensity, impinged on the emulsion, forming an angle (in air), of45°. With the geometry described, the spatial frequency ofthe gratings was calculated as -1200 lines/mm. Also reflection diffraction gratings were recorded. The K ratio, defined as the ratio of the reference beam intensity to the object beam intensity, was taken to be 1 inside the emulsion. One beam impinged perpendicular to the emulsion, whereas the other beam fell on the back side of the plate forming an angle in air of 30° with the perpendicular to the surface of the emulsion. With the geometry described, the spatial frequency of the reflection gratings was calculated as -5100 lines/mm.
In previous experiments'3 we have found that the gelatin of the BB-640 plates is hardened to a high degree, so that the products of the developer do not penetrate easily into the emulsion. Therefore, the plates were hypersensitized by immersing them in a solution of distilled water with a sodium sulphite concentration of 1% and urea concentration of 5% (by weight) for 10 mm at 20°C. After a rinse in running water for 1 mm at 20°C the plates were dried for 24 h at 20°C and 60% RH.
The urea of this solution softens the gelatin, and the sensitivity of the emulsion is also increased.
After exposure, the plates underwent the schedule procedure illustrated in Table I , so that phase transmission holograms were finally obtained. Table I  Schedule The diffraction efficiency 1 of the recorded phase holograms was calculated as the ratio of the diffracted beam intensity to the incident collimated probe-beam intensity of the He-Ne laser. In order to take into account Fresnel losses and absorption due to the glass substrate, this expression was corrected by multiplying by an appropriated factor.
The efficiency of the zero-order or transmission t was similarly calculated as the ratio of the directly transmitted beam intensity to the incident power and was corrected by the same factor.
PREVIOUS CONSIDERATIONS
Firstly, unslanted diffraction transmission gratings were developed after the exposure with D-1 9 developer and bleached in bleach baths optimized for Agfa 8E75 HID plates. Two bleach compositions were used: a version of the R-1O (mod R-1O) used by Crespo et al. 8 , and a bleach optimized by Hariharan'1. Table II illustrates the compositions of these two bleaches. Figure 1 shows the results of diffraction efficiency versus the exposure for plates bleached in these two different bleach baths. The plates bleached with the mod R-10 bleach were bleached at two different temperatures (50°C and 70°C). It can be seen from the figure that the best results were obtained for plates bleached with the mod R-10 bleach at 50°C, a peak diffraction efficiency of 80% was obtained by using this bleach. The value of the peak diffraction efficiency was lower for plates bleached at a temperature of 70°C, 65% and an even lower value of the peak diffraction efficiency was obtained for plates bleached with the Hariharan bleach, 33%. Although the results of the diffraction efficiency were high when the mod R-10 bleach was used at a temperature of 50°C, the peak diffraction efficiency reached with the Hariharan bleach was quite low. These results indicate that bleaches which could have given good results for Agfa, could give a worse performance for BB-640 plates. Therefore new bleach compositions must be used with these new plates. 
OPTIMIZATION OF THE R-1O BLEACH FOR TRANSMISSION DIFFRACTION GRATINGS
The R-1O bleach has been used with Agfa 8E75 HD plates with good results. Table III shows the composition of a modified version ofthis bleach (mod R-1O). The bleach bath solution is composed oftwo different solutions: A and B. The oxidizer is contained in the solution A, whereas the potassium bromide is contained in the solution B. To obtained the bleach solution 1 part of A is mixed with 10 parts of distilled water and X parts of B. The ratio XB/A indicates the relation between the potassium bromide concentration and the oxidizer concentration (potassium dichromate). For Agfa 8E75 HD plates, an optimized R-1O type bleach is the one used by Crespo et a18. Nevertheless the differences in the degree of hardening of the gelatin, and the differences in the size and concentration of the silver halide grains between Agfa 8E75 HD and BB-640 plates, make it necessary to find a new optimum B/A ratio for BB-640 plates. The concentration of potassium bromide in the bleach bath determines the rate of the diffusion process. A high rate of the diffusion process favours the refractive index modulation. Nevertheless a high quantity of potassium bromide, tends to increase the amount of light scattered by the final hologram. Therefore it is necessary to adjust the values of the ratio B/A needed to obtain high diffraction efficiencies and low values of scattering. The values of the B/A ratio were varied taking the values: 2, 4, 8, 15, 30, 60, 120, 250, the pH's ranged from 1 .57 to 2.5 1 . The studies were carried out by using three different developers: D-19, AAC, CW-C2, because as will be shown the optimum ratio B/A depends on the developer.
Table III Bleach bath composition (modj/Ied version of R-1O)
Solution A potassium dichromate 20 g sulfuric acid 1 5 ml distilled water 1 1 Solution B potassium bromide 100 g distilled water 1 1 Just before use, mix 1 part ofA with lOparts ofdistilledwater, and addXparts ofB, B/A=X Figure 2 shows the results of the peak diffraction efficiency versus the B/A ratio for transmission diffraction gratings recorded on BB-640 plates and developed with three different developers: D-19, AAC, CW-C2. It can be seen from the figure that the optimum B/A ratio changes depending on the used developer. A peak diffraction efficiency of 86% was obtained for plates developed with D-19 and bleached with a B/A ratio of 8. The value of the transmission efficiency was of 2%, and the absorption and scattering was of 12%. It is also interesting to notice that high values of the peak diffraction efficiency were obtained for a wide range of B/A ratios for D-19: the value of the peak diffraction efficiency was over 80% for the values of the B/A ratio ranging from 4 to 120. Even a higher peak diffraction efficiency was obtained when CW-C2 was used (87%) for a B/A ratio of 15, the value of the transmission efficiency was as low as 1%, and the absorption and scattering was 12%, which means that the diffraction efficiency was almost the maximum obtainable. The value of the peak diffraction achieved with the AAC developer was slightly lower, of 84%, the transmission efficiency 4% and the absorption and scattering 12%. These results, show that the use of tanning developers (D-19 and CW-C2) doesn't prevent from the achievement of high values of diffraction efficiency. The reason is that, the diffusion process in BB-640 plates is efficient enough to produce high refractive index modulations (as will be inferred from figure 3, despite the opposite action of the tanning developers. In figure 3 the response of the diffraction efficiency versus the exposure is presented for transmission holograms recorded on BB-640 plates developed with three different developers. The values presented in the figure correspond to transmission diffraction gratings yielding to peak diffraction efficiency. For plates developed with AAC it can be seen that after the first maximum the value of the diffraction efficiency decreases till a minimum and then increases again; the decrease of the diffraction efficiency after the first maximum is due to en excess of modulation. To prove this, the response of the transmission efficiency versus the angle was measured for the hologram which gave the minimum value of diffraction efficiency. By using Kogelnik Coupled'4 Wave Theory, the theoretical function of the transmittance was fitted to the experimental data, and the refractive index modulation for the best fit was of An=0.083, which is in fact very high. It is clear that, the diffusion process is efficient enough to produce high refractive index modulations in BB-640 plates, thus the maximum achievable diffraction efficiency will be only limited by absorption and scattering.
REFLECTION GRATINGS

Optimization of the R-1O bleach for transmission diffraction gratings
In order to optimize the mod R-10 bleach for reflection gratings, the exposed plates underwent the procedure of Table I Figure 4 shows diffraction efficiency as a function of the B/A ratio. It can be seen from this figure that the best results were obtained for a B/A ratio of 15. A high peak diffraction efficiency of 72% was obtained. It can also be seen that the peak diffraction efficiency is highly sensitive to the B/A ratio.
Influence of the B/
A ratio on the final thickness of the emulsion.
During the rehalogenating bleaching procedure, the gelatin of the emulsion varies in thickness. This change in the thickness of the emulsion after the procedure alters the fringe spacing, which also affects the wavelength at reconstruction. The relation between the wavelength at reconstruction and the wavelength at the recording can be expressed by the following 
I
The influence of the B/A ratios on the wavelength at reconstruction is clear from figure 5 . It can be seen that much care must be taken to minimize the wavelength shift. For instance, when the BB-640 plates are bleached using the B/A ratio which yields maximum diffraction efficiency (B/A15), the wavelength shift is less than 1% within a range of exposures from 900 to 5000 jtJ/cm2. However, for a B/A ratio of 4, the emulsion shrank after the procedure, so that the wavelength at reconstruction remained below 623 nm.
Angular response of the diffraction efficiency
The efficiency of the diffracted and the transmitted beams, T and 'c, respectively, together with the absorption of the material ad (where a is the absorption coefficient and d is the thickness of the photographic emulsion after processing) are three parameters that may be used to characterize holographic transmission gratings recorded on the silver halide sensitized gelatin of BB-640 plates. By means of Kogelnik's coupled wave theory'4, it is possible to obtain an analytical expression for the diffraction efficiency iofvolume holograms.
As Kogelnik's theory is limited to the description oftwo diffracted orders, then:
11 +t = exp(-ad/cosO') (2) and 't can be obtained as follows:
In equation (3) a takes into account the absorption (and also the scattering; we have no means of differentiating between the two at this point); d is the thickness of the final hologram and 8' is the angle of reconstruction in the medium, which is related to the angle ofreconstruction in air 9 by Snell's law.
We tested the holograms which yielded peak diffraction efficiency by rotating them, and the variation in transmission with the angle of incidence 'r in air was measured. The values of transmission were corrected to take into account Fresnel's reflections and the absorption ofthe glass substrate. The parameters obtained by fitting the theoretical function to the experimental data were: znO.O34, d=8.1 rim, a=O.0288 rim', An is the refractive index modulation ofthe hologram.
CONCLUSIONS
The main process under the rehalogenating bleach technique is material transference from the exposed to the non-exposed zones. This diffusion process is related with the concentration and size ofthe silver halide grains suspended in the gelatin of the emulsion. Since the amount of light scattered by a small particle is proportional to the sixth power of the radius, the smaller silver halide grains of the BB-640 emulsion in comparison with those of the Agfa 8E75 HD emulsion allow the achievement of higher values of the diffraction effficiency when using BB-640 plates in the rehalogenating bleach technique. We have optimized an R-1O type bleach for this novel BB-640 emulsion for transmission holograms and for three different developers (AAC, D-19 , CW-C2) finding that the best results were obtained for CW-C2 at a B/A ratio of 15, with a maximum achieved diffraction efficiency of 87%. The values of the peak diffraction efficiency were also high for the other two deveopers (86% for D-19 and 84% for AAC). When reflection gratings were recorded on BB-640 plates an also high peak diffraction efficiency was obtained (72%) by developing the plates in D-19 and bleaching them using a B/A ratio of 15. The results presented are some of the best reported for rehalogenating bleaching processing technique at the present time and they confirm the applicability of bleached holograms derived from BB-640 plates for recording high quality transmission holograms.
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